Abstract -The abdomens of honey bee queens and semen from drone bees were analyzed by visible and near-infrared spectroscopy. Mated honey bee queens could be distinguished from virgin queens by their absorption spectra with 100% accuracy. Spectra of semen showed that classifications of queens were likely influenced by the presence or absence of semen in the queen spermathecae. However, physiological or morphological changes that occur in the queens after mating probably influenced the classifications also.
INTRODUCTION
The insemination of queen honey bees is difficult to determine because the semen stored in her spermatheca cannot be observed directly without dissection. While the queen's egg laying behavior is an indication of whether she has mated, a rapid and non-destructive method for determining the queen's mating success is not available. Problems with queen and drone fertility and viability may be related to widespread honey bee colony mortality in North America, Europe, and other regions (Pettis et al., 1991; Rinderer et al., 1999; Collins and Pettis, 2001; Stokstad, 2007) . A rapid, non-invasive method for assessing these factors would be useful in studies of affected bee colonies.
Visible and near-infrared (VIS-NIR) spectroscopy is a fast and non-destructive technique that has been used to determine many Corresponding author: T.C. Webster, Thomas.webster@kysu.edu * Manuscript editor: Stefan Fuchs different insect characteristics. It measures absorbance by chemical functional groups. This technique has successfully differentiated insect species (Dowell et al., 1999; Cole et al., 2003; Aldrich et al., 2007; Jia et al., 2007) , determined sex (Dowell et al., 2005) and age (Perez-Mendoza et al., 2002) , detected insects inside grain kernels (Maghirang et al., 2003) , and detected parasitized insects (Dowell et al., 2000) . Wallis (2007) suggested that VIS-NIR spectroscopy may be useful for predicting various attributes of bees and that it could be useful for apiculture. The objective of this study was to evaluate the feasibility of VIS-NIR spectroscopy for distinguishing virgin queens from mated queens.
MATERIALS AND METHODS

VIS-NIR spectroscopy
Queen bees were positioned on a 5 cm diameter Spectralon diffuse reflectance plate (Labsphere, Article published by EDP Sciences 566 T.C. Webster et al.
North Sutton, NH) and scanned using a 6.3 mm diameter bifurcated probe oriented vertically 6.8 mm above the Spectralon. This probe had 78 fibers used for illumination, and 78 fibers for reflectance. All fibers were randomized in the probe tip. A Mikropack HL-2000 halogen light source (Micropack Ostfildern, Germany) was used to illuminate the bee. Visible and near infrared (350-2500 nm) reflected energy was measured using a QualitySpec Pro spectrometer (ASD Inc, Boulder, CO). A baseline was measured using a 2.5 cm diameter Spectralon plate. The spectrometer utilizes a silicon sensor (∼350-950 nm), an indium-galliumarsenide (InGaAs) sensor (∼950-1750 nm), and a cooled InGaAs sensor (∼1750-2500 nm).
For scanning bee semen, a 2 mm bifurcated probe that had about 50 illumination fibers and 5 reflectance fibers was used. The probe was positioned directly above the semen that was held in a glass capillary tube and positioned on the Spectralon.
The instrument automatically collected 20 spectra from each specimen and then stored an averaged spectrum. The procedure took less than 1 minute per specimen and included positioning the insect and collecting the spectra. ASD software RS 3 (Version 3.1) was used to collect spectra. Spectra were then converted using ASD ViewSpecPro to a format that could be imported into GRAMS (Thermo Galactic, Salem, NH, USA).
Queen bees and drone semen
Fifty two mated queens and 52 virgin queens were purchased from Wilbanks Apiaries, Claxton, GA and shipped in one package by overnight mail to the USDA-ARS Grain Marketing and Production Research Center at Manhattan KS. Each queen was shipped in an individual wooden queen cage with approximately five worker bees and a sugar paste for food, according to standard practice in the USA. All mated queen bees were naturally mated and between 14 and 21 days old. Their mating success was determined by the development of worker brood from their eggs. Virgin queens were also 14 to 21 days old. They had been caged since they emerged from their cells, and hence were unable to mate.
The day the queens arrived they were individually immobilized with CO 2 and placed ventral side up on the Spectralon plate. The beam was directed through the posterior portion of the abdomen, which contains the spermatheca (Dade, 1994) . The immobilization and scanning procedure took less than one minute for each queen.
Bee semen was obtained from Glenn Apiaries (Fallbrook, CA) in glass capillary tubes sealed with Parafilm (American National Can, Greenwich, CT) on each end. Seventy μL of semen was collected from 75 Italian drones, and 70 μL of semen was collected from 79 Carniolan drones. Italian and Carniolan semen samples were placed in separate tubes. The semen was collected March 3, 2008, and shipped by overnight mail to Manhattan KS, where the samples were scanned the next day. The tubes were scanned by placing the fiber probe directly above the semen. An empty tube was scanned to determine the effect of the tube on the spectra.
Statistical analyses
Spectral data were analyzed using partial least squares regression (PLS) (Martens and Naes, 1989) using GRAMS PLS/IQ software. Comparisons were made using PLS by assigning a value of 1 or 2 for each pairwise combination of mated versus virgin queens.
The wavelengths important in classifying the species of interest were determined by examining the PLS regression coefficients and difference spectra. The accuracy of the classification models was determined using weighted correct classification, coefficient of determination (r 2 ) indicating the closeness of fit between the spectra and reference data, standard error of cross validation (SECV) using a one-sample-out procedure (Williams, 2001) , and by predicting validation sets.
RESULTS
VIS-NIR spectra
The spectra were very noisy below 450 nm due to low energy from the lamp at those wavelengths, and also very noisy above 2150 nm due to poor sensor sensitivity at the higher wavelengths. Thus all analyses included only the 450-2150 nm region.
Queen bees and drone semen
Virgin queens were readily distinguished from mated queens by analyzing their spectra. Figure 1 shows mean spectra of the virgin and mated queen bees. The individual spectra had a standard deviation of about 0.05 absorbance units around the mean (data not shown), and thus overlap between the virgin and mated spectra existed.
Although the mean spectra look very similar, differences between them indicate where functional groups absorb differently for the virgin and mated queens. When using a PLS regression with eight factors, all mated and virgin queens could be differentiated with 100% accuracy (Fig. 2) .
The PLS regression coefficients and the difference between the mated and virgin spectra (Fig. 3) indicate what wavelengths are used for classifications and what functional groups may be contributing to classifications. The absolute values of the regression coefficients are largest for the wavelengths that contribute most to the prediction equation. There are distinct absorption peaks throughout the VIS and NIR regions that indicate differences in the virgin and mated queens, allowing this technique to classify them appropriately. The large positive peak at 545 nm and negative peak at 643 nm indicate a difference between the spectra of mated and virgin queens. However, if this visible region is excluded from the PLS analysis, similar classification results are still obtained. The peaks around 1700, 1150, 930, and 780 nm correspond to C-H 1st, 2nd, 3rd, and 4th overtones, respectively (Shenk et al., 2001) . The peaks around 1520 and 780 nm correspond to RNH 2 1st and 2nd overtones, respectively. The peaks around 1370 and 930 nm correspond to ROH 1st and 2nd overtones, respectively. The difference spectra calculated by subtracting the average of the virgin spectra from the average of the mated spectra show peaks that correspond to the regression coefficients with the exception of the peak around 1000 nm. This peak does not correspond to a meaningful functional group and is an artifact of a cross-over point where the silicon and InGaAs sensors merge.
To further test our ability to distinguish between mated and virgin queens we randomly selected 42 mated and 42 virgins and created a calibration from these 84 bees. The regression coefficients (not shown) for the calibration equation when using six factors were very similar to those shown in Figure 3 . We then predicted whether the remaining 20 queens were mated or virgins. When predicting this validation set, all queens were correctly predicted as mated or virgins. Thus, our models correctly predicted all queens as virgin or mated when using either a cross validation technique or when predicting a validation set. Figure 3 also shows the absorbance spectrum of drone bee semen. The semen spectra from the Italian and Carniolan bees were essentially identical. A spectrum of the empty glass tube showed that it had no influence on the semen spectrum. A small peak in the semen spectrum at about 630 nm corresponds to peaks in the difference spectrum and the regression coefficients at the same wavelength (left box). Similarly, peaks in the semen spectrum, difference spectrum and regression coefficients coincide at about 1400 nm (right box). This suggests that the model used to differentiate between virgin and mated bees is partly due to the absorbance spectrum of semen. However, most semen peaks do not coincide with peaks in the difference spectrum and regression coefficients.
CONCLUSIONS
By the use of spectroscopy, mated and virgin honey bee queens may be distinguished very quickly and without affecting the queens, except that they must be briefly removed from their hives and immobilized by CO 2 . While CO 2 treatment has long-term effects on queen physiology (Laidlaw and Page, 1997; Mackensen, 1947) , it could not have affected the spectra we obtained. Each queen was scanned immediately after treatment.
The difference in mated and virgin queen spectra appears to be due partly to the presence of semen in the spermathecae of the mated queens. However it is likely that other queen bee tissues contribute to this difference. Queen physiology changes significantly after mating (Hrassnigg et al., 2003) .
The functional groups associated with peaks in Figure 3 have been associated also with human semen (Deepinder et al., 2007) . Possibly these relate to chemical similarities in drone and human semen. 
